concentrators such as parabolic troughs, heliostats and lenses can concentrate the ambient solar flux tens or even thousands of times to achieve high temperatures. [8] [9] [10] [11] [12] Plasmonic nanoparticles with absorption and scattering cross-sections exceeding their geometrical cross-sections have been recently developed and applied for direct solar steam generation [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , but they typically require optical concentration of 10-1000x for steam generation. However, optical concentrators are expensive ($200/m 2 ) 25 , often accounting for a major portion of the capital cost of solar thermal systems. 8, 11, 26 In addition, they require support structures and access to electrical energy to track the sun. Although optical concentration is currently necessary for applications that require high temperatures such as concentrated solar power generation, solar thermal technologies that reduce or completely eliminate the reliance on optical concentration would have better market penetration. Worldwide, the use of non-concentrated solar thermal power (~200 GW) 27 outnumbers the use of concentrated solar thermal power (~5GW).
We recently demonstrated solar-steam generation under low (≤ 10x) optical concentration using a floating graphite-based two-layer solar absorber. 28 This structure localized the solar heat generation to the evaporation surface of a body of water, instead of wastefully heating the entire body of water. The structure's top layer absorbed the solar flux, while the bottom layer limited conduction of the generated heat to the underlying body of water. This resulted in very high steam generation efficiencies of up to 85%. However, to reach 100°C for steam generation, a solar flux of 10 kW/m 2 , 10 times the normal sun (1000 W/m 2 ), was needed by optical concentration. Several other groups have looked into the role of surface chemistry in aiding water delivery and thermal insulation of the bottom layer, 20 incorporating plasmonic or carbon-based absorption layers, [29] [30] [31] [32] [33] and using other cheap and abundant materials. 34, 35 These studies have achieved relatively high evaporation efficiencies, but relied on optical concentration to boost the evaporation temperatures and achieve such efficiencies. For example, Ito et al. 29 used a concentration of 9x to achieve steam generation. To reach the boiling point without optical concentration, solar receivers must be designed to suppress parasitic heat losses from the absorber surface.
Here, we demonstrate water boiling and steam generation under unconcentrated ambient solar flux in a receiver open to the ambient. The receiver is constructed of a variety of low cost and commercially available materials utilizing a combination of spectral selectivity of the solar absorber, thermal insulation, and in-plane thermal concentration. By varying the thermal concentration, the receiver can generate saturated steam at 100°C, or low temperature vapor at high efficiencies (64%). The ability to boil water under ambient sunlight holds promise for significant cost reduction of existing solar thermal systems while opening up new applications such as desalination, waste water treatment, and sterilization.
Generating High Temperature Vapor With Low Solar Flux. Achieving steam generation using the ambient solar flux (1000 W/m 2 ), or one sun, requires significant reduction of the heat losses from the receiver. Figure 1a shows the heat transfer processes involved in a floating solar steam generator, including radiative and convective heat loss to the ambient and conductive and radiative heat loss to the underlying water. The net evaporation rate can be expressed as
where ℎ #$ is the latent heat, the surface area of the absorber facing the sun, the solar absorptance, )*+,-the solar flux, the emittance of the absorbing surface, the StefanBoltzmann constant, ℎ the convection heat transfer coefficient, and 4,56-the heat flux to the underlying water including conduction and radiation. Assuming a blackbody absorber with = 100°C, the minimum temperature needed for boiling water at ambient conditions, and 3 = 20°C, the radiative heat loss to the ambient is 680 W/m 2 . Taking a natural convection heat transfer coefficient of 10 W/m 2 K, the convective heat loss is 800 W/m 2 . These two loss channels alone exceed the incoming solar flux of 1000 W/m 2 , and there is additional heat loss to the underlying water by conduction and radiation.
The large mismatch between water's latent heat of vaporization ℎ #$ (2.26 MJ/kg at 100°C) and the ambient solar flux imposes another challenge. Even without any parasitic energy losses, the maximum mass flux generated by the ambient solar flux is / = )*+,-ℎ #$ = 4.4×10 A2 kg/m 2 s, according to Eq. (1). Our past studies 28 have shown that the mass evaporation rate of water at 100°C can be an order of magnitude higher (up to 4.3×10 AC kg/m 2 s).
Figure 1|Operating principles of steam generation at one sun. a, Energy balance and heat transfer diagram for a blackbody solar receiver operating at 100°C. The 1000 W/m 2 delivered by the ambient solar flux is not enough to sustain the heat losses, and a 100°C equilibrium temperature cannot be reached. b, Energy balance and heat transfer in the developed one-sun ambient steam generator (OAS). c, A photograph of the OAS composed of a commercial spectrally selective coating on copper to suppress radiative losses and to thermally concentrate heat to the evaporation region. The bubblewrap cover transmits sunlight, and minimizes convective losses. Slots are cut in the bubblewrap to allow steam to escape. Thermal foam insulates the hot selective absorber from the cool underlying water, and floats the entire structure. The inset compares thermal radiative losses at 100°C from a blackbody and the spectrally selective absorber. Figure 1b shows several strategies we used to overcome the above challenges to achieve continuous steam generation under one sun, and even lower solar flux as shown later. First, we replace the blackbody absorber with a spectrally selective absorber, which has high solar absorptance and low thermal emittance . Spectrally selective absorbers strongly absorb sunlight, but emit very little radiative heat. They are already widely used in domestic solar hot water systems, 36, 37 and allow evacuated solar hot water tubes to be heated to over 100°C under stagnation conditions. 38 use thermal insulation on both top and bottom surfaces of the absorber to reduce convective loss to air as well as conductive and radiative heat losses to the water underneath. Finally, to overcome the mismatch between the latent heat of vaporization and the ambient solar flux, we use thermal concentration, by conducting the absorbed heat into the evaporation area, which is smaller than the absorber surface area.
One-sun, Ambient Steam-generator. Figure 2 shows the lab-scale One-sun, Ambient Steam-generator (OAS), which contains three main components. First, a spectrally selective solar absorber is used, consisting of a cermet (BlueTec eta plus) coated on a copper sheet. Second, a thermal insulator was constructed from a polystyrene foam disk. Last, a convective cover was made from a sheet of large transparent bubble wrap. We use a variety of low-cost commercial materials to construct the solar receiver, and we believe even cheaper materials can be substituted for intended applications as discussed later; one example is using alternative selective coatings. Figure 2b ,c serves to float the entire structure on a body of water, and is a thermal insulator ( =~0.03 W/m-K). A channel was drilled through the foam, and a hydrophilic cotton wick threaded through. This wick used capillary forces to deliver water to the absorber. A sheet of cotton fabric ( Figure 2b ) was placed above the wick on the foam to increase the evaporative area. Figure 2d shows an evaporation slot cut into a 10cm diameter selective absorber, to allow for water vapor to escape. The slot was varied in length (1mm width) to control the operating temperature of the receiver. For smaller thermal concentrations, 2-3 slots were made in a concentrated cluster (~5-10mm separation).
A sheet of transparent bubble wrap ( Figure 2c ) placed on top of the selective absorber to minimize the convective losses. The solar transmittance IJII+6 of the bubble wrap was measured to be 80%. Though the bubble wrap reduces the solar power transmitted and absorbed by the absorber surface, it also reduces the convective heat losses. The result is a net improvement in the OAS performance. were measured (Figure 3a) as a function of the thermal concentration Ctherm, the ratio of the total illumination area to the evaporation area. The vapor temperature closely tracks the selective absorber temperature. The maximum steam temperature reached was 98°C (Figure 3b ), achieved when ~0.1% of the surface is devoted to evaporation (Ctherm = 1300x). The steam temperature was directly measured by the thermocouple in this case, using a small vapor chamber. The kink near = 300 seconds clearly indicates boiling limiting further temperature rise of the solar receiver, despite the measured vapor temperature not exactly reaching 100°C due to the rapid cooling of vapor. Figure 3c shows the mass change as a function of time while generating 80°C vapor. These figures show the receiver reached steady-state operation in roughly 5 minutes, clearly demonstrating continuous steam generation under 1 sun illumination. The solar vapor generation efficiency was defined as a ratio of enthalpy change in the generated vapor divided by the total incoming solar flux:
where is the instantaneous mass change due to evaporation, ℎ #$ is the enthalpy change of liquid water to vapor, )*+,-is the solar flux per area, and is the total area of the receiver. Figure 3d shows the receiver efficiencies at different operating temperatures. The lines in Figure 3d were obtained by using a heat transfer model of the OAS, which is discussed below.
Generating Steam
Outdoors. An outdoor experiment using natural sunlight validated the ability of the OAS to generate steam in real conditions, where factors such as varying incident solar flux and wind can greatly hinder receiver performance. The OAS was placed on the roof of MIT, at noontime for all experiments. Thermocouples were used to measure the selective absorber temperature, and a thermal pyranometer used to measure the incident solar flux on a horizontal surface, known as the global horizontal irradiance. Figure 4 shows the selective absorber temperatures and solar fluxes during the two experimental runs (August 6 and September 17, 2015) . Based on the lab data, when the selective absorber reaches 100 °C, steam is generated. Figure 4a shows a measurement on a sunny day with roaming cloud cover, which caused the solar flux to vary dramatically (~200-1000 W/m 2 ). The temperature measurements show that the selective absorber is capable of recovering its peak operating temperature (>95°C) within minutes. Figure 4b shows a situation where the sun is more constant, but at a lower position in the sky due to seasonal variation. This lower sky position reduces the amount of solar flux incident on a horizontal surface (~750 W/m 2 ). These experiments demonstrate the ability of the solar receiver to rapidly reach 100°C temperatures during periods of low and varying solar flux, such as during non-summer months and cloudy days. Modeling. We carried out modeling to gain insights into the current experiment and future performance (Supplementary Notes 1). A key requirement for efficient thermal concentration is limiting the temperature drop along the surface of the selective absorber. A large temperature drop reduces efficiency, and indicates significant heat loss compared to the heat conduction to the evaporation region. We used a simple fin model to justify that the temperature throughout the selective absorber is nearly uniform, consistent with our measurements. We incorporate this isothermal assumption into the Isothermal Model. We also carried out COMSOL simulations to determine the sidewall losses in the lab-scale experimental OAS. The results are plotted in Figure 3d .
The Isothermal Model is used to predict the achievable performance of a large-scale OAS where the side wall heat loss is negligible. Such a large-scale OAS is expected to have repeating patterns of evaporation slots, thus maintaining the isothermal absorber. Figure  5a shows the achievable vapor temperatures and efficiencies predicted while under 1000 W/m 2 illumination. The maximum temperature reached was 100°C with a thermal concentration around 200x. The thermal concentration required to generate steam is higher than the optical concentration reported in previous experiments, 28, 29 but is significantly easier to implement. Higher thermal concentration yielded lower evaporation efficiency, due to reduced evaporation area. However, once the steam generation temperature has been reached (100°C), increasing thermal concentration does not change the efficiency much, due to phase change limiting any further temperature rise. Theoretically, superheating may occur at higher thermal concentrations, leading to increased heat losses and lower efficiency. These scenarios are not included in the model, as they are not observed in the thermal concentrations tested in this study. At low thermal concentration with large evaporation area, the efficiency of the system is higher, but the vapor temperature generated is low due to the higher evaporation rates. Based on the results of our modeling, two useful receiver configurations were identified: one for hightemperature (100°C) vapor generation, and another for high-efficiency evaporation ( 5M6-N = 1x). Figure 5b shows the predicted performance of the OAS at different solar fluxes (obtained by using the model in Supplementary Notes 1, coefficients in Supplementary Notes 2) at Ctherm=1x and Ctherm=1000x. This illustrates the ability of the OAS to generate steam throughout the day, when the sun is at different positions in the sky. The temperature plateau indicates phase change limiting the temperature rise of the OAS, consistent with measurements. Figure 5c shows a sensitivity analysis of the OAS' maximum operating temperature to the transmittance of the bubblewrap and absorptance of the selective surface ( IJII+6 ). The thermal concentration was set to 1000x. The receiver can generate steam with IJII+6 >~0.4, with increasing efficiency at higher IJII+6 . At lower IJII+6 the receiver is generating vapor via evaporation. Figure 5d shows sensitivity of the maximum operating temperature to the receiver emittance. It reveals that the OAS can generate steam even if the selective solar absorber has significantly poorer optical properties than the one used in our system. This suggests that the most expensive component, the selective absorber, can be made more cheaply than what was used in this paper.
Figure 5|Analysis of a large-scale OAS' performance. a, The achievable performance of the receiver using an isothermal absorber approximation (see Supplementary Notes 1). Unless otherwise stated, the OAS optical properties were = . , = . , and = . . The solar flux is 1000 W/m 2 , and the thermal concentration 1000x. The open data points indicate the measured performance of a high-efficiency version of the OAS with distributed holes. The lines represent the predicted achievable performance of a large OAS with negligible side losses. b, Performance at various solar fluxes for low and high thermal concentrations. c, Sensitivity of efficiency and maximum temperature to the product of bubble wrap transmittance and selective surface absorptance. Thermal concentration is 1000x. d, Sensitivity of the receiver to emittance ε, which affects radiative losses. Transmittance and absorptance have a larger effect on efficiency than emittance. Absorbers with significantly poorer optical properties than our selective surface can be used to generate steam, suggesting cheaper material substitutions in future designs.
Discussion. Another area for optimization of the receiver is the evaporation slot design. Understanding the dominating resistances in the evaporation process can give us key insights into how to improve the design. Using Schrage's model, 39 an upper limit for evaporative heat transfer coefficient is estimated to be on the order of 10 7 W/m 2 K (Supplementary Notes 7) . This is 5 orders of magnitude higher than the coefficients measured in this work (~500 W/m 2 K, Supplementary Notes 2). This suggests that the overall evaporation rate is limited by vapor diffusion through air, not vapor formation at the liquid-air interface. In support of this conclusion, the evaporation heat transfer coefficient increased ~10x over those in a previous work 28 , likely due to the difference in the system geometry. The system in Ref. 26 had an evaporation surface with a large planar 
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area, resulting in 1D vapor diffusion away from the liquid. In contrast, OAS evaporation areas are better approximated by lines, enabling 2D vapor diffusion, and resulting in larger evaporation heat transfer coefficients. Additional evaporation experiments were conducted to determine the size effect of evaporation areas. Smaller circular evaporation areas improved the per area evaporation rate dramatically, up to 10x increase for a 36x reduction in area (Supplementary Notes 7) . Further analysis using COMSOL determined that closely space evaporation areas improved efficiency (Supplementary Notes 4) .
Even though the current single slot configuration has a higher mass transfer coefficient than Ref. 26 , the mass flux is much smaller due to reduced area of evaporation. One way to improve evaporation efficiency is to distribute numerous smaller circular slots for 3D vapor diffusion, while preserving the thermal concentration ratio for the overall area. This strategy maximizes the volume of air for vapor diffusion per distributed circular slot, enhancing the overall evaporation rate. Two additional OAS were created utilizing distributed circular slots, and generated low temperature vapor at much higher efficiencies ( Figure 5a ). The highest efficiency reached was 71% at 12x thermal concentration (64% after subtracting the evaporation under dark conditions). The effective evaporation heat transfer coefficient for the total receiver area was higher than in Ref 26 ( Demonstration of continuous direct steam generation under the one sun condition opens many potential applications, such as distillation and sterilization in remote locations. By pressurizing the system, one can potentially use the approach to generate superheated steam -for power conversion using water or other organic working fluids. The floating structure also has potential for solar desalination when the generated vapor is collected. Solar stills have been used for thousands of years, but have remained underutilized due to their low-efficiency (30-45%) and relatively high cost. [40] [41] [42] The basic design of the solar still uses a black-bottomed water basin to absorb the incoming solar flux. In such a configuration, radiative losses from the hot water are the largest source of losses, and cannot be avoided. Our approach significantly reduces the radiative loss, as well as the convective losses. There are several examples of floating solar stills in the literature, 43, 44 but these are simply basic single-effect solar stills made to float on the ocean. Hence, the cost and efficiency are expected to be similar or worse than conventional solar stills. The OAS can achieve higher efficiencies than an uncovered solar still using alternative receivers. 45 Furthermore, when placed in a solar still, the OAS' efficiency can be higher, due to better insulation from the environment. In addition, the floating structure will enable direct deployment on water surfaces, such as over a bay, hence reducing system complexity and cost.
We have shown that thermal concentration can be a more cost-effective approach to solar steam generation than optical concentration. The OAS is estimated to cost ~$6/m 2 , based on available bulk pricing of materials, and we expect the cost can be reduced down to ~$2/m 2 . The manufacturing processes for final product are expected to be roll-to-roll, and should be of low cost. The cost of tracking optical concentrators can be as high as $200/m 2 , and much of the prior literature on solar vapor generation has not included the optical losses due to inefficient concentration of the full solar flux, both diffuse and direct. Taking these details into account, the OAS can generate steam at ~5% the cost of optically concentrating approaches (Supplementary Notes 5).
Further study in fouling of the OAS is needed, though the decoupling of the optical absorber from the phase change surface is an advantage. The cotton wick is a small fraction of the solar absorber, and its fouling will not affect the solar absorption. Accumulated salt may be sufficiently rejected overnight if used in an ocean. The wick is also easy to replace, being a small component. Overall, the OAS' ability to generate high-temperature steam without relying on bulky and costly concentrating optics opens up many new possibilities for solar thermal energy harvesting.
Methods
The selective absorber's solar absorptance was measured using a UV-Vis spectrophotometer (Agilent Cary 5000) with an included integrated sphere, and the emittance was measured using an FTIR (Thermo Nicolet 5700) with a Pike Technologies mid-IR integrating sphere.
The receiver performance experiments were conducted in the lab using a solar simulator (ScienceTech, SS-1.6K) outputting simulated solar flux at 1 kW/m 2 (1 sun). The solar flux intensity was measured using a thermopile (Newport, 818P-001-12) connected to a power meter (Newport, 1918-C). Because the solar flux varies with the beam spot location, and the thermopile detector is smaller in area than the solar receiver, the maximum-recorded solar flux is regarded as the actual constant solar flux for the efficiency measurements. This under-reports the vapor generation efficiency up to 5%, based on the actual variation observed in solar flux. A 10cm aperture is used to minimize the amount of extraneous solar flux striking the receiver. The mass of the water loss is measured using a lab balance with 1 mg resolution (A&D, FX300i), and calibrated to weights higher than the solar receiver. Before illuminating the solar receiver, the evaporation in dark conditions was measured for 10 minutes. The dark-evaporation rate was subtracted from the solar-illuminated evaporation rate, which was measured for 30 minutes at steady-state conditions.
The evaporation mass loss of the receiver under dark conditions was measured, and subtracted from the measured mass loss under solar illumination. Due to a low mass flux, the produced vapor quickly mixes with the surrounding air and cools. The temperature of the produced vapor was measured by touching a thermocouple to the cotton evaporation surface. For measurement of the highest temperature, a vapor chamber was constructed to collect the generated steam. In this case, the thermocouple was suspended in air to directly measure the steam temperature. The selective absorber's temperature was measured as well via a thermocouple attached under the copper substrate.
The rooftop measurements were conducted using the A&D FX300i balance to measure water loss, and a Hukseflux LP-02 thermal pyranometer to measure the intensity of the sun. Thermocouples (Omega Engineering, K-type, 40 gauge insulated) were used to measure the temperature of the selective absorber.
